Abstract Lake Baikal, with a depth of 1637 m, is characterized by deep-water intrusions that bridge the near-surface layer to the hypolimnion. These episodic events transfer heat and oxygen over large vertical scales and maintain the permanent temperature stratified deep-water status of the lake. Here we evaluate a series of intrusion events that reached the bottom of the lake in terms of the stratification and the wind conditions under which they occurred and provide a new insight into the triggering mechanisms. We make use of long-term temperature and current meter data (2000)(2001)(2002)(2003)(2004)(2005)(2006)(2007)(2008)(2009)(2010)(2011)(2012)(2013) recorded in the South Basin of the lake combined with wind data produced with a regional downscaling of the global NCEP-RA1 reanalysis product. A total of 13 events were observed during which near-surface cold water reached the bottom of the South Basin at 1350 m depth. We found that the triggering mechanism of the events is related to the time of the year that they take place. We categorized the events in three groups: (1) winter events, observed shortly before the complete ice cover of the lake that are triggered by Ekman coastal downwelling, (2) under-ice events, and (3) spring events, that show no correlation to the wind conditions and are possibly connected to the increased spring outflow of the Selenga River.
Introduction
Lake Baikal, the world's oldest, deepest and most voluminous lake is one of the most important aquatic biodiversity hotspots on the planet holding 20% of the world's total freshwater. It is located in eastern Siberia covering an area of 31.7 3 10 3 km 2 . Having been an isolated rift lake for 25 million years it contains an intriguing sedimentary record for palaeoclimate reconstructions [Mackay, 2007] and it is home to hundreds of endemic species [Moore et al., 2009] populating the lake's entire water column of 1637 m maximum depth. The lake has been called the ''Galapagos of Russia'' due to its exceptional value to evolutionary science and in 1996 it has been awarded the World Heritage Site status by UN.
The water column below 250 m has a slight but permanent temperature gradient and it is largely isolated from the surface water dynamics and the atmospheric conditions. This gradient indicates a continuous downward flux of heat. However, even over many decades, no warming has been observed [Shimaraev et al., 1994] , leading to the well-motivated hypothesis that a process is cooling the deep waters. As reported in the literature, episodic, advective-type, large-scale, deep-water intrusion events have been observed in the lake Schmid et al., 2008; W€ uest et al., 2005] . Proofs of the existence of such a mechanism are peaks of dissolved oxygen concentrations and observations of sudden temperature minima in the deepest layers of the lake [Schmid et al., 2008; Weiss et al., 1991] . These events bridge the hypolimnion and the near-surface layer by facilitating the transfer of heat over large spatial scales. They contribute to an effective turbulent mixing with vertical diffusivity values of the order of 1-10 cm 2 s 21 and turbulent eddies with vertical scales ranging from 10 to 100 m [Lorke and
The deep-water renewal events have received considerable attention in the literature. Several studies have been made in order to calculate the deep-water renewal rates, the triggering mechanism, and the longterm effects on the heat budget, by employing different means as numerical modeling, chemical tracers, short-term mooring temperature data, and Conductivity-Temperature-Depth (CTD) casts (observations Shimaraev et al., 1993; Schmid et al., 2008; Weiss et al., 1991; W€ uest et al., 2005] , and modeling [Akitomo et al., 1995; Botte and Kay, 2002; Peeters et al., 1997] ).
Based on observational data, the proposed mechanisms that drive the deep-water renewal events are: spring thermal bars [Shimaraev, 1993] , coastal downwelling [Piccolroaz and Toffolon, 2013; Schmid et al., 2008] , and dense river plumes . Most of these proposals were based on individual event studies rather than a collective overview. Here we propose a conceptual model of the driving mechanism of the deep-water renewal supported by long-term observational evidence. We provide a new insight into the triggering mechanisms by making use of: (1) continuous measurements over 13 years of moored thermistors and current meters at the neutrino site of the South Basin; (2) wind data calculated with a downscaled regional atmospheric model of the Lena catchment area of eastern Siberia provided by Klehmet et al. [2013] ; (3) images from the MODIS satellite; and (4) several CTD casts recorded close to the thermistor monitoring location. Our postulate is that deep-water renewal in the lake is forced by the atmospheric conditions leading to coastal downwelling, which in turn leads to free convection depending on the thermal stratification of the near-surface waters.
We report a series of deep-water renewal events and describe and analyze the conditions under which they occurred. We categorize the events into winter, spring, and under-ice, according to season of observations and highlight the importance of the wind conditions, the stratification, and the bathymetric setting of the basin. The results suggest that: (1) the winter events are triggered by coastal downwelling when the Ekman transport increases abruptly, (2) the under-ice events are most probably triggered by similar mechanisms as the winter events before the complete ice coverage of the lake, and (3) the spring events are not driven by coastal downwelling and are possibly connected to the Selenga River discharge.
Site and Data

Site Description
Lake Baikal is located in southeast Siberia, between 51 and 56 N (Figure 1 ), an area with a strongly continental climate, with cold and dry winters leading to complete ice coverage of the lake for several months and short, warm summers [Kouraev et al., 2007] . It is located at an altitude of 456 m asl and is surrounded by high mountain ridges rising more than 2000 m. It has an elongated shape with a length of 636 km and a width varying between 25 and 80 km. It consists of three subbasins (South, Central, and North) separated by two high ridges that rise to depths of 260 m and 360 m below surface, respectively [Delvaux et al., 1997] . The three basins are extremely deep, with the Central Basin reaching a maximum depth of 1637 m, the South Basin 1461 m, and the North Basin 904 m [De Batist et al., 2002] . This specific bathymetry allows only for near-surface water exchange between the three basins and practically isolates the deep hypolimnia (Figure 1) . A general cyclonic circulation is observed along the entire Lake Baikal coastline [Troitskaya et al., 2015] , but each basin has its own cyclonic gyres as well [Kouraev et al., 2007] . The lake catchment is drained by more than 300, mostly minor, tributaries including three major rivers: Selenga, Upper Angara, and Barguzin. The Selenga delta located over the ridge that separates the South from the Central Basin is influencing locally the salinity and the nutrient budget in both basins. The lake's outlet, the Angara River, is located at the South Basin, with an average discharge of 65.3 km 3 yr 21 [Sapota et al., 2006] .
Mooring Data and Calibration
A monitoring station with moored thermistors and current meters has been installed in March 2000 at the north shore of the South Basin (Figure 1) between moorings L and S. The thermistors were recovered annually in March for maintenance and for downloading the data. They were redeployed within 1-2 days. The configuration of the thermistors on the mooring strings varied each year depending on the monitoring adjustments.
The accuracy of the thermistors was tested and confirmed in the laboratory. Most of the sensors were calibrated using an automated temperature stepping program (Hart Scientific 7025 High Precision Bath) once or twice during the sampling period, and the data were corrected to the nearest calibration date. The Vemco thermistors were restrictively deployed only at shallow depths where a high-resolution or accuracy is not needed.
To assure the coherence of the sensor measurements, we performed additional on-site calibrations with two different methods. Starting in March 2010 and each year thereafter, the loggers of each mooring were bundled together and submerged for several hours below 200 m, where the temperature variations for the submersion period do not exceed 0.001 C. A reference thermistor logger was chosen and the rest were adjusted accordingly. For the years preceding 2010, a CTD cast calibration was done: the thermistor data were coupled to the CTD measurement taken at the proximity of mooring L. With this method, we were able to calibrate only mooring L for depths deeper than 250 m where the temperature gradients are weak. The recordings were corrected only when the temperature difference to the CTD measurement was larger than the accuracy of the logger. Moreover, in order to facilitate the analysis, we resampled the data on a regular time grid (not all the thermistors on each mooring line are sampling at equal intervals). In this study, we are not interested in the short-term temperature variations so we defined the time grid for each year and mooring according to the longest sampling interval (20 min for most years). 
Wind Data
The closest meteorological station to the mooring area providing consistent measurements is located in Listvyanka, approximately 30 km northeast of the mooring site ( Figure 1 ). Due to the topography, the wind field is highly variable in the region. The on-shore measurements must be expected to be far from representative for the wind over the lake, thus making the data from the meteorological station not suitable for assessing the relationships between the wind and in-lake physical processes. An alternative is to use wind data from atmospheric reanalysis, ideally at high regional resolution. However, for the Lake Baikal area only global reanalysis data are available. The grid mesh of about 200 km for NCEP-RA1 [Kalnay et al., 1996] and 90 km for ERA-Interim [Dee et al., 2011] global reanalysis are too coarse to resolve the local wind features over the lake. Furthermore the lake is either missed totally (NCEP-RA1) or partly (Southern Basin in ERA-Interim) by these data. A solution for this problem is a dynamic downscaling of the reanalysis data by a high-resolution regional atmospheric model.
In our study, we used version 4.8 of the COSMO-CLM or short CCLM (COSMO model in climate mode, Rockel et al. [2008] ) based on the formerly named ''Lokalmodell'' [Steppeler et al., 2003] . The CCLM is a nonhydrostatic regional atmospheric model and shares the same source code with the weather forecast model of the German Weather Service. It is based on the thermohydrodynamic equations describing the compressible flow in the atmosphere.
Klehmet et al.
[2013] performed a regional downscaling of the global NCEP-RA1 reanalysis product over large parts of Siberia including the Lake Baikal area with a horizontal grid width of 50 km. However, even with this resolution, the local features of Lake Baikal cannot be captured and the Southern Basin is missing. Wind velocities are still too low (very rare events with wind speeds > 10 m s 21 ) and the wind direction is still equally distributed with a tendency to winds perpendicular to the lake. Therefore, a further nesting of the model down to a grid width of 7 km was necessary for this study. With this, the wind flow can be described and wind speeds > 10 m s 21 occur more often. However, because the wind data are hourly instantaneous values, short high-wind peaks cannot be captured. Even though this results in an underrepresentation of the high-wind speeds when comparing with the observations at Listvyanka, we decided to use the model output as it represents the general wind trends.
Satellite Data
To determine the period of ice cover, we used satellite images from the Moderate Resolution Imaging Spectroradiometer (MODIS) sensor onboard the EOS-AM-1 (TERRA) satellite (channels 1 and 2), with a spatial resolution of 250 m. By visual inspection, we determined the first and the last day of ice cover at the monitoring site.
Physical Characteristics and Methods
In Lake Baikal, the dissolved ions and particulate matter concentrations are low and almost constant with depth contributing little to the density stratification [Ravens et al., 2000] . Temperature is the main parameter defining the stratification throughout the water column with a few exceptions, like the region where the thermal expansivity of water is equal to zero and possibly regions close to river mouths, where inflows can have a greater salinity and a higher particle concentration than the lake. The potential temperature, h5T2 Ð Cdz, is almost equal to the in situ temperature T, as the adiabatic lapse rate, C, is extremely low, and the difference between T and h is a few 0.0001 C [W€ uest et al., 2005] .
The water column of the South Basin can be separated in three zones in terms of temperature and stratification. The surface layer (top 250 m) follows a seasonal variation and mixes twice per year in December and in June, before and after the ice cover ( Figure 2 ). The exact depth of the seasonal mixing varies from year to year between 150 and 250 m. From approximately mid-January to the beginning of May, the surface is ice covered and the temperature increases with depth reaching 3.6 C at 150 m. In these months, the squared Brunt-V€ ais€ al€ a frequency (N 2 ) is more than 10 26 s 22 restricting vertical exchange ( Figure 2 ). When the ice breaks, the surface warms up and gradually increases to a maximum of 18 C in late summer. During the transition between inverse winter stratification and summer stratification, the surface layer is convectively mixed at a temperature of 3.6 C, and N 2 decreases to values smaller than 10 27 s 22 . At the end of September, the layer gradually cools down to reach 0 C at the surface in January. The convectively mixed state is observed again in mid-December just before the ice cover forms. These two seasonal mixing periods provide the windows in time when deep-water renewal events can be initiated; the process will be described The wind over Lake Baikal is highly influenced by the surrounding steep mountains. It tends to blow parallel to the coast either northeasterly or southwesterly. Statistically, the strongest winds are observed in January and February when the lake is ice covered, blowing from the northeast. Winds in the opposite direction are also prevalent and can be quite strong around the year. Southeasterlies are rarely observed throughout the year. A monthly climatology of the wind conditions from 2000 to 2013 at the monitoring area is depicted in Figure 3 with wind roses indicating direction, intensity, and frequency of occurrence.
Temperature of Maximum Density
Crucial for the deep-water renewal in Lake Baikal is the pressure-dependence of the temperature of maximum density, T md , of water. At atmospheric pressure, fresh water has its maximum density at 3.984 C. If a water parcel with temperature higher than T md warms up it becomes lighter while if the initial temperature of the parcel was lower than T md a warming will result in denser and thus heavier water. As pressure increases with depth, the structure of the water molecule clustering changes, giving rise to a higher density at all temperatures, with especially pronounced effects at lower temperatures [Cotter, 2010] . In freshwater T md decreases with depth according to the relationship:
where z(m) is the vertical coordinate (positive upward). For example at a depth of 600 m, T md is 2.726 C.
This reduction of T md with depth is the key mechanism for deep-water renewal in Lake Baikal as it leads to a special type of convective instability, the so-called thermobaric instability [Shimaraev et al., 1993] , that facilitates the sinking of water masses when the temperature stratification allows for it.
The alteration of the water clustering under pressure allows for a water parcel to change its in situ density, q, without changing its temperature, by an adiabatic displacement to a new depth. If the new in situ density of the parcel is larger than that of the ambient water at the final depth, it will sink further until it will be neutrally buoyant. At constant pressure (depth), density depends solely on temperature and the difference of the temperature to the T md is a simple indicator of whether a parcel will sink or not at the new depth. One can consider a near-surface water parcel (Figure 4 ) with a temperature of 3.3 C (q 5 1.00009845 kg m 23 at 10 m) being adiabatically displaced to a 250 m depth where the ambient temperature is 3.7 C and q 5 1.00126435 kg m 23 . At this depth, the surface parcel's temperature is closer to the local T md (3.459 C)
and thus the parcel is denser, q 5 1.00126473 kg m 23 , than the ambient water, resulting in a further sinking to greater depths (Figure 4 ). This mechanism, proposed by Weiss et al. [1991] for renewing the deep-water of Lake Baikal, was observed and thoroughly analyzed by Schmid et al. [2008] . This mechanism is possible in Lake Baikal prior and after the ice cover, when the near-surface temperature is equal or lower than the bottom layer temperature of 3.35 C.
Thermobaric Instability Drivers
For thermobaric instability to take place, a triggering mechanism has to initially displace the near-surface water. Schmid et al. [2008] studied in detail one of the most prominent deep-water renewal events observed in the South Basin, and showed that thermobaric instability was initiated by coastal downwelling at the north coast of the South Basin. They used temperature data from mooring S and mooring L to trace the path of the downwelled water mass from the surface layer close to the shore to the local bottom of the basin at 1350 m. By using a large number of CTD casts for a period of 2 years (1993) (1994) (1995) , Hohmann et al. [1997] studied the deep-water mechanisms in all basins and their conclusions were sound mainly for the Central Basin, where they identified the springtime saline and cold water outflow of the Selenga River as the main trigger. While they did not exclude the possibility of wind triggering, they did not have appropriate observations to discuss it further. Schmid et al. [2008] proposed that all of the deep-water renewal events observed in the South Basin data set were triggered by coastal downwelling.
To investigate this hypothesis, we formulate the following conceptual model: (1) Surface water is transported towards the north coast by Ekman transport triggered by strong NE winds. (2) When the gravitational force of the water piling up exceeds the horizontal pressure gradient force, the isotherms are depressed. (3) If the surface layer is convectively mixed, the buoyancy force is low and the isotherm depression can reach the critical depth where the thermobaric instability is initiated. (4) The sinking water mass will slide down the steep northern slope and will reach the bottom of the basin given that the temperature of the sinking water is lower than the bottom temperature; if not the sinking water will intrude at some intermediate level of equilibrium density in the PSDW layer [Piccolroaz and Toffolon, 2013] . This sequence of steps is tested on the 13 years data set of temperature, lake water currents, and wind from the reanalysis model.
Ekman Transport
To estimate the coastal Ekman transport, we first calculate the wind stress at each grid point of the reanalysis model over the lake. The wind stress is given by:
where x is the west-east axis, y the south-north axis, u ! and v ! are the wind components in the x and y directions, respectively, and U is the wind speed at 10 m. q 1.34 kg m 23 is the air density at 210 C. The drag coefficient at 10 m, C 10 , depends on the wind speed and the wave development state [W€ uest and Lorke, 2003] . The size of Lake Baikal allows for a wind fetch large enough to produce waves not far from being fully developed (full development for U 5 6 m s 21 requires 100 km fetch). For U > 5 m s , K 5 11.3 a nondimensional constant determined by Smith [1988] and Yelland and Taylor [1996] , and 10 has the units of meter.
We introduce the new grid point specific coordinate (p, q), rotated anticlockwise by a variable angle u with respect to the (x, y) system, such that the q direction is always normal to the coastline at each grid point and p is parallel to the coast. The new wind stress is: In this coordinate system, the Ekman transport towards the northern coast, M ! q , is directly proportional to the wind stress in the p direction.
where q E is the in situ average density of the Ekman layer and f (0.0001137 s 21 ) the local inertial frequency.
Observations
Decadal Variations of the Bottom Layer Temperature
The temperature below 250 m depth does not show any seasonal variations but in the bottom layer (> 1250 m depth) we occasionally observed sudden and considerable temperature decreases of up to a few 0.1 C. A total of 13 such disturbances have been recorded ( Figure 5 and Table 1 ). We refer to these cold water intrusions that reach the bottom of the South Basin as events and we label them in a consecutive manner with the superscript indicating the order of occurrence and the subscript (w for winter, i for under-ice, and s for spring) for the season of appearance (d The day and the season of observation, the minimum temperature for each event (T down ), and the difference to the background temperature (DT), the mean surface current speed (10 days before until the date of observed T doown ) and the bottom current speed (6 days before until 10 days after the observed T down ) (whenever available), and the estimated intruding volume. (*) indicates current meter failure, n/c: no current.
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Most of the events (six) occurred in wintertime, just before ice cover, in December and January, including the two coldest ones d 3 w and d 6 w . Three very weak events were observed when the lake was ice covered in February and March and four in spring, immediately following the ice breakup. After each event, the temperature recovered approximately exponentially to the background value within a few months and in some cases in an adjustment time scale of almost 1 year.
To investigate the driving mechanism of the observed events, it is necessary to use the mooring deployed closer to the shore (S). We focus on the events taking place after 2004, the year that mooring S was installed. For each event, we plot the isotherm displacements as observed in moorings S and L, a few days before and after the minimum temperature was recorded at the bottom of the basin (Figure 6 ).
If an event is the consequence of coastal downwelling taking place at the monitoring site, we should observe the isotherms at the shore being depressed to a level that free convection is initiated and surface water can be transported to greater depths sliding down the shelf. The above process is clearly the case for three of the recorded events, d w . In the latter event, we can assume that the isotherm depression did not take place exactly at the monitoring location but close nearby. Thus, our temperature measurements are not close to the midpoint of the convecting water masses and we are most probably observing the process from a peripheral location. All the above four events occurred in the wintertime. The shore isotherms were not depressed for the rest of the events ( Figure 6 ). Two questions arise from these observations: (1) Do the events that follow the shore isotherm depression share some common characteristics? (2) What is the driver, if not downwelling, for the rest of the deep intrusion events?
According to Schmid et al. [2008] who analyzed in detail the event d 6 w , taking place in January 2007, strong downwelling favorable winds (easterlies) were present over the South Basin for a period of 6 days before the temperature dropped at the bottom of the lake. A westward alongshore surface current was recorded by the current meter placed at 16 m depth with a small cross-shore component that led to the depression of the isotherms close to the shore. Approximately after 50 h, a cold water mass appeared at the bottom of the lake at moorings L and H. Based on the different arrival times of the cold front between the two moorings, Schmid et al. [2008] estimated an eastward bottom current with a speed of 0.012 m s 21 . However, this estimate was false due to an error in the time allocation for one of the moorings, and recalculation showed that the real flow direction was westward (anticlockwise). In the following, we examine the wind field and current measurements, whenever available, and look for common characteristics and similar patterns for the different deep intrusion events.
Wind Variability
The wind field over the monitoring site for a period of 20 days before the events is shown in Figure 6 for events following d 
Events Not Explained by Observed Downwelling
The events not directly associated with downwelling, fall into two categories: the under-ice and the spring events. By default when the lake is ice covered, the wind cannot affect the water dynamics for downwelling to be triggered. In both cases, we can assume that either coastal downwelling happened at some other point along the northern coast of the South Basin (before the lake was ice covered) or that the deep-water renewal event was triggered by another mechanism. Under any scenario, the cold water mass would travel as a bottom current along the topography and/or spread by diffusion when it reached the bottom of the lake. From the six events of this category (d , and 18 h, respectively. Taking under consideration that the distance between the two moorings is 1 km and that the threshold of the current meter is 0.02 m s 21 , the lag would have to be shorter than 14 h for the current to be detectable.
This probably explains the fact that there were no current recordings for d 
Discussion
Ekman Transport
The observations indicate that the driving mechanism of the winter events is coastal downwelling. Strong winds, which are prerequisite for downwelling, were observed during all winters; however, bottomreaching cold intrusion events were not recorded each year. To have an insight, we calculated the Ekman transport resulting from the wind along the northern coast. It serves as a quantitative measure in order to correlate the temperature observations to the wind and stratification. Because the wind is highly variable and so is the wind stress, we look into the cumulative Ekman transport instead of the instantaneous values. The cumulative transport was calculated for each year from the day when the near-surface temperature at 16 m depth was approaching the bottom temperature until the lake was ice covered. We use the rotated coordinate system defined in paragraph 3.3 and calculated the transport component (M ! q ) directed toward the coast at the area of the monitoring site and at the entire length of the northern coast of the South Basin. We found that the former is representative of the latter (Figure 7) . For all winters, only when the transport toward the coast was sudden and intense a cold water mass appeared at the bottom of the lake. As the cumulative transport alone is not a measure of whether downwelling will occur, we calculated the rate at which it increased. We find that this rate of increase has to pass the threshold value of 2.5 3 10 3 m 2 (volume transport per unit meter of alongshore distance) per day in order for a bottom-reaching intrusion to be observed under these conditions. This allows us to differentiate between years with and without downwelling events by examining only the cumulative transport. It thus gives the possibility of event prediction considering solely the wind pattern at the monitoring area and information on lake surface temperature.
We found the Ekman transport component directed toward the southern coast to be two to three orders of magnitude stronger than that toward the northern coast during wintertime. This transport, however, does not result in downwelling. The southern slope is only 7.5 steep, while the northern one is about 21.
5 .
An isotherm depression at the southern coast will therefore most probably result in a movement of the water mass along the bathymetry ruling out the Ekman downwelling scenario.
Spring Events
Contrary to the winter events, isotherm depression did not precede any of the observed spring events. Assuming that coastal downwelling cannot result in a deep intrusion at the south shore of the basin, we expect that the events were triggered by another mechanism. Hohmann et al. [1997] showed that colder and slightly more saline river water from the Selenga delta region can form sinking plumes in a short time slot between late April and May. The formation of the sinking plumes was identified mainly in the Central Basin and varied from year to year depending on the river outflow. W€ uest et al. [2005] discarded this triggering mechanism for the South Basin because the ion or particle content of the cold near-bottom intrusions was not found significant. Due to lack of salinity and particle measurements in our data set, we cannot support deep-water formation at the Selenga delta region due to dense plume creation. However, we strongly suggest this to be the focus of a more thorough investigation.
Heat Content and Intruding Volume
We can get an indication of the downwelled water volume per event by calculating the heat content change in the deep-water. Crawford and Collier [1997] used a similar approach to calculate the volumes of deep mixing events in Crater Lake. The net heat change content in the lower bottom layer of the South Basin (> 1250 m depth) is: DH5Hðt 2 Þ2Hðt 1 Þ, where t 1 and t 2 correspond to the monthly averages of the month before and after the event accordingly. The heat content at t 1 and t 2 is calculated by:
where q is the density, c p the specific heat capacity at constant pressure, T(z) the temperature, and A(z) is the lake area, both a function of depth. By equating the heat change in the hypolimnion to the heat change introduced by the downwelled water mass, we approximate the volume, DV, by:
Journal of Geophysical Research: Oceans The estimation of the volume DV is sensitive to the temperature difference T down 2 T back . We assume that the minimum observed temperature T down is representative of the intruding water mass. This assumption can lead to both an underestimation and an overestimation of the volume: an underestimation because water of a higher temperature is also transported and an overestimation because the event might not have taken place directly at the monitoring site. If this is the case, the real temperature could be even lower than the one observed. The volume for the event d [W€ uest and Lorke, 2003] , the recovery to the background temperature of 3.35 C is relatively fast (less than 1 year as evident in Figure 5 ).
Summary
A total of 13 cooling events were observed when near-surface water reached the bottom of the South Basin at 1350 m depth. The occurrence of these events was evaluated in terms of the stratification, the currents, and the wind field. This evaluation showed that the events are occurring in three different periods each with distinct characteristics.
(1) Six winter events followed Ekman coastal downwelling at the northern coast. The isotherm depression is taking place at the vicinity of our monitoring site just before completion of the ice cover of the lake. The stratification at this time period is optimal for deep vertical water displacements, allowing for thermobaric instability to occur that leads to deep dislocation of the initial isotherm depression caused by the wind. The observations over the monitoring site represented well the average Ekman transport over the north shore of the basin. (2) Three events were observed when the lake is ice covered. These events could have been triggered by coastal downwelling before the completion of the ice cover of the South Basin at an area further away from the monitoring site. However, we did not observe an increased Ekman transport during the preceding winters over the entire north coast. The causes of those events remain still unclear. (3) Four spring events were observed shortly after the ice breakup. These events do not show any correlation with the wind conditions over the South Basin and do not follow an isotherm depression. They are possibly connected to the increased spring outflow of cold and dense water of the Selenga River.
Convective episodic deep-water renewal is common in other deep lakes with a permanent stratification [Boehrer and Schultze, 2008] . The generation mechanism of the plunging water varies for each lake depending on the local topographic setting and the meteorological conditions. For example, in Lake Malawi cold intrusions most probably originate from dense, particle-loaded river plumes [Vollmer et al., 2005] , while in Lake Issyk-Kul they are most likely generated by differential cooling in the shallow shelf [Peeters et al., 2003] . A lake whose physical mechanism resembles Lake Baikal is Crater Lake Collier, 1997, 2007] . However, this lake is small compared to Baikal. The same holds for a number of other relatively small but deep lakes in Japan and in Norway studied by Boehrer et al. [ , 2013 . The common feature of these lakes to Baikal is the thermal stratification and the transition of epilimnion temperatures below 4 C in winter. They all have the potential of free convection of near-surface cold water masses; however, Ekman transport is ruled out as a triggering mechanism as their size is too small.
Outlook
Winter downwelling represents 50% of the total observed cold-water bottom-reaching mass intrusions, with spring events holding 30% and under-ice events 20% of the total cold intrusion volumes. By calculating the cumulative Ekman transport for the time period allowing for downwelling before the ice cover for all years, we were able to differentiate between the winters with and without downwelling events. We thus can foresee whether downwelling in the winter is taking place by analyzing the wind pattern over the lake.
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